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Scc2 Couples Replication Licensing
to Sister Chromatid Cohesion
in Xenopus Egg Extracts
the current paper, we call the shorter variant XScc2A
and the longer XScc2B. The XScc2A cDNA contains an
insertion of 61 bp, which results in a frame shift and
the creation of a termination site different from that of
XScc2B (Figures S1B and S1C).
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We prepared isoform-specific antibodies against syn-
thetic peptides corresponding to the C-terminal se-Summary
quences of XScc2A and XScc2B. Each antibody immu-
noprecipitated a polypeptide of 300 kDa from aThe cohesin complex is a central player in sister chro-
Xenopus egg extract (Figure 1A). The specificity of eachmatid cohesion, a process that ensures the faithful
immunoprecipitation was demonstrated by competitionsegregation of chromosomes in mitosis and meiosis
with antigen peptides. Neither of the anti-XScc2 peptide[1, 2]. Previous genetic studies in yeast show that
antibodies coprecipitated the alternative isoform, sug-Scc2/Mis4, a HEAT-repeat-containing protein, is re-
gesting that XScc2A and XScc2B do not associate withquired for the loading of cohesin onto chromatin [3, 4].
each other in the extract. We also raised XScc2B-spe-In this study, we have identified two isoforms of Scc2
cific antibodies against a recombinant fragment uniquein humans and Xenopus (termed Scc2A and Scc2B),
to the C terminus of this isoform. As judged by sucrosewhich are encoded by a single gene but have different
gradient centrifugation of a whole egg extract, XScc2Acarboxyl termini created by alternative splicing. Both
and XScc2B were both fractionated into a single peakScc2A and Scc2B bind to chromatin concomitant with
with a sedimentation coefficient of 13S (Figure 1B;cohesin during DNA replication in Xenopus egg ex-
data not shown). By size exclusion column chromato-tracts. Simultaneous immunodepletion of Scc2A and
graphy, XScc2A eluted in a peak corresponding to aScc2B from the extracts impairs the association of
Stokes radius of 130 A˚ (Figure 1C). These values al-cohesin with chromatin, leading to severe defects in
lowed us to estimate the native molecular mass ofsister chromatid pairing in the subsequent mitosis.
XScc2A to be 720 kDa [8]. The cohesin subunits andThe loading of Scc2 onto chromatin is inhibited in
Scc2 were fractionated into different peaks by size ex-extracts treated with geminin but not with p21CIP1, sug-
clusion column chromatography (Figure 1C), and theygesting that this step depends on replication licensing
did not coimmunoprecipitate with each other (data notbut not on the initiation of DNA replication. Upon mi-
shown). These data suggest that XScc2 is present in atotic entry, Scc2 is removed from chromatin through
large protein complex that is distinct from cohesin ina mechanism that requires cdc2 but not aurora B or
Xenopus egg extracts. While Scc2 was shown to formpolo-like kinase. Our results suggest that vertebrate
a complex with Scc4 in S. cerevisiae [9], no vertebrateScc2 couples replication licensing to sister chromatid
orthologs of Scc4 have so far been detected in the data-cohesion by facilitating the loading of cohesin onto
base. It remains to be determined whether XScc2 formschromatin.
a homo-oligomer or associates with other proteins in
Xenopus egg extracts.
Results Next, we investigated the chromatin binding proper-
ties of XScc2 and cohesin in Xenopus egg extracts [10].
Identification and Characterization of Scc2 When sperm chromatin was incubated with an in-
in Xenopus Egg Extracts terphase low-speed supernatant (LSS), nuclear enve-
We originally identified two polypeptides of unknown lope formation began30 min after sperm addition, and
function in the human genome database that share ho- full nuclear maturation was achieved by 60 min (Figure
mology with Scc2 in Saccharomyces cerevisiae [5] and 1Da, upper panel). DNA replication began after 30 min
Mis4 in Schizosaccharomyces pombe [6]. Most recent and was completed by 90 min (Figure 1Da, lower panel).
studies have shown that the human sequences arise by After 2 hr incubation, the extract was driven into mito-
alternate splicing of a single gene termed NIPBL, which sis by adding two volumes of cytostatic factor (CSF)-
is mutated in Cornelia de Lange syndrome [7]. The two arrested LSS. Aliquots were taken from the reaction
isoforms are 2697 and 2804 amino acids long, being mixture at various times, and chromatin was isolated
distinguished by variant carboxyl (C) termini (Figure S1). and analyzed by immunoblotting (Figure 1Db). The re-
A further BLAST search using the human sequences as covery of chromatin was assessed by visualizing his-
query allowed us to identify two overlapping Xenopus tones with Coomassie blue [11]. We found that XScc2A
EST sequences homologous to the C-terminal region of and XScc2B progressively bound to chromatin during
the longer isoform. This sequence information was then interphase, reaching a plateau at 60 min (Figure 1D; data
used to isolate two cDNA sequences corresponding to not shown). The kinetics of XScc2 chromatin binding
the Xenopus Scc2/NIPBL gene products by reverse was very similar to that of the cohesin subunits XSMC1
transcription-polymerase chain reaction (RT-PCR) using and XRAD21. In contrast, XMcm7, a component of the
Xenopus egg poly(A) RNA as template (Figure S1A). In Mcm2-7 complex, reached a maximum level at 45 min
and gradually dissociated from chromatin after 60 min
[12]. Upon mitotic entry, the majority of XScc2, like*Correspondence: hirano@cshl.edu
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Figure 1. Characterization of Xenopus Scc2
(A) Aliquots of interphase HSS were subject to
immunoprecipitation using antibodies raised
against peptides specific to XScc2A (lanes 1,
2, 5, and 6) or XScc2B (lanes 3, 4, 7, and
8) in the presence or absence of competing
peptides, as indicated. The precipitated frac-
tions were analyzed by immunoblotting using
anti-XScc2A (lanes 1–4) and anti-XScc2B
(lanes 5–8).
(B) Interphase HSS was subject to sucrose
gradient centrifugation. Individual fractions
were immunoblotted for XScc2A and cohesin
subunits (XSMC1, XSMC3, and XRAD21). The
peaks of XScc2A (open circle), the XSMC1-
XSMC3 heterodimer (square) and the cohesin
holocomplex (filled circle) are indicated.
(C) Interphase HSS was subject to size exclu-
sion chromatography and analyzed as in (B).
(D) Sperm chromatin was incubated with in-
terphase LSS to allow DNA replication. After
2 hr, 2 vol of CSF LSS were added to promote
entry into mitosis, and the extract was incu-
bated for another 2 hr. a, Nuclear envelope
formation and DNA replication were moni-
tored; b, chromatin fractions were isolated at
the times indicated and immunoblotted for
XScc2A, XSMC1, XRAD21 and XMcm7 (lanes
1–7). The lower portion of the gel was stained
with Coomassie Brilliant Blue G to determine
the level of histones as a control for chromatin
recovery. To check the background level, an
aliquot of interphase LSS was incubated with
no sperm chromatin for 2 hr and processed
in parallel (lane 8).
cohesin, was removed from chromatin (Figure 1Db, lane this effect was highly specific to cohesin because the
association of other factors with chromatin (such as7). Thus, XScc2 and cohesin both associate with chro-
matin immediately after the licensing of replication ori- topoisomerase II, ISWI, Plx1, and aurora B) was not
affected in the absence of XScc2 (Figure S2). We alsogins by the Mcm2-7 complex and almost coincident with
DNA replication. found that XScc2A and XScc2B were efficiently recov-
ered on interphase chromatin assembled in an extract
depleted of cohesin (Figure 2B; data not shown), sug-Scc2 Is Required for Cohesin Loading and Sister
gesting that the association of XScc2 with chromatin isChromatid Cohesion in Xenopus Egg Extracts
independent of cohesin.To determine the role of XScc2A and XScc2B in the
The inability of cohesin to associate with chromatinestablishment of sister chromatid cohesion, the two pro-
in the absence of XScc2 would be expected to causeteins were immunodepleted from interphase LSS, either
defects in sister chromatid cohesion in the subsequentindividually or simultaneously. The efficiency of immu-
mitosis. To test this possibility, sperm chromatin wasnodepletion was95% for each, as judged by quantita-
incubated with an interphase LSS depleted of bothtive immunoblotting (Figure 2Aa). As expected, cohesin
XScc2A and XScc2B, and after replication the mixturewas not codepleted from the extracts upon depletion
was driven into mitosis by the addition of two volumesof XScc2A and/or XScc2B. Nuclear envelope assembly
of CSF LSS. An extract depleted of cohesin was alsoand DNA replication occurred with apparently normal
prepared as a control. The resulting metaphase chromo-kinetics in the depleted extracts (data not shown). Chro-
somes were fixed, isolated, and labeled with an antibodymatin fractions were isolated and analyzed by immu-
against an SMC core subunit of condensin (XCAP-E/noblotting using antibodies against cohesin subunits
SMC2). The replication of each chromosome was con-and XMcm7. The depletion of either XScc2A or XScc2B
firmed by incorporation of biotin-dUTP (data not shown)alone had little, if any, effect on the recovery of cohesin
[13]. No apparent defect in sister chromatid cohesionin the chromatin fraction (Figure 2Ab, lanes 2 and 3).
was observed in chromosomes prepared in the mock-However, the association of cohesin with chromatin was
depleted extract or in the extracts depleted of eitherseverely compromised in the extract depleted of both
XScc2A and XScc2B (Figure 2Ab, lane 4). Importantly, XScc2A or XScc2B (Figure 2C, NI, Scc2A, and
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Figure 2. Scc2 Is Required for the Establish-
ment of Sister Chromatid Cohesion in Xeno-
pus Egg Extracts
(A) a, Interphase LSS was immunodepleted
with nonimmune IgG (lane 6), anti-XScc2A
(lane 7), anti-XScc2B (lane 8), or both anti-
XScc2A and anti-XScc2B antibodies (lane 9).
To estimate the efficiency of depletion, 2 l
each of the depleted extracts were immu-
noblotted for XScc2A, XScc2B, XSMC1, and
XRAD21 (lanes 6–9) next to known amounts
of the mock-depleted extract (lanes 1–5). b,
Sperm chromatin was incubated with the de-
pleted LSS for 2 hr, and chromatin fractions
were isolated and immunoblotted for XSMC1,
XRAD21, and XMcm7. The lower portion of
the gel was stained with Coomassie Brilliant
Blue G to determine the level of histones as
a control for chromatin recovery.
(B) Interphase LSS was immunodepleted with
nonimmune IgG (lane 1) or anti-cohesin anti-
bodies (lane 2). Sperm chromatin was incu-
bated with the depleted LSS for 2 hr, and
chromatin fractions were isolated and ana-
lyzed as in (A).
(C) Interphase LSS was immunodepleted with
nonimmune IgG (NI), anti-XScc2A (Scc2A),
anti-XScc2B (Scc2B), both anti-XScc2A and
anti-XScc2B (Scc2AB), or anti-cohesin anti-
bodies (Cohesin). Sperm chromatin was in-
cubated with the depleted LSS for 2 hr to
allow DNA replication, and 2 vol of CSF LSS
were added to promote entry into mitosis.
After another 2 hr of incubation, samples
were fixed, isolated, and stained with anti-
condensin (XCAP-E) antibody. Insets show
close-ups of selected regions of the chromo-
somes (indicated by boxes). Scale bar, 10 m
(5 m for the insets).
(D) Sperm chromatin was incubated in in-
terphase LSS for 2 hr, and individual chro-
matin samples were exposed to increasing
concentrations of KCl as indicated. The chro-
matin fractions were isolated and analyzed
as in (A).
Scc2B). In contrast, chromatids prepared in the extract determined. Scc2 may open the postulated cohesin ring
by stimulating the hydrolysis of ATP bound to the SMCdepleted of both XScc2A and XScc2B were unable to
form discernable chromatid pairs and showed gross catalytic domains, thereby allowing its loading [14, 15].
Alternatively, Scc2 may directly attract cohesin to itsdefects in sister chromatid cohesion (Figure 2C,
Scc2AB). The morphology of these chromatids was chromatin binding sites through its multivalent, protein-
protein interaction surface composed of multiple HEATindistinguishable from those prepared in the extract de-
pleted of cohesin (Figure 2C, Cohesin). repeats [16]. In any case, it is interesting to note that
the distribution and activity of the condensins, a differ-We next determined whether XScc2 is required to
maintain the association of cohesin with chromatin. ent class of SMC protein complexes, are also regulated
by their distinct HEAT-repeat-containing subunits [17].Sperm chromatin was incubated in an interphase LSS
for 2 hr to allow the loading of XScc2 and cohesin, and
was then exposed to increasing concentrations of KCl Association of Scc2 with Chromatin Is Dependent
on Replication Licensingbefore being isolated. We found that whereas cohesin
and XMcm7 remained stably bound to chromatin at 200 Scc2 and cohesin associate with chromatin coincident
with the initiation of DNA replication (Figure 1D). TomM KCl, XScc2A and XScc2B were easily extracted
from the chromatin fraction under the same condition test how the establishment of sister chromatid cohesion
might be functionally coupled to DNA replication, we(Figure 2D; data not shown). It is therefore most likely
that XScc2 is required for the establishment but not for examined the association of Scc2 and cohesin with
chromatin under conditions where DNA replication isthe maintenance of sister chromatid cohesion, as has
been shown in S. cerevisiae [9]. inhibited at different stages. The addition of geminin to
egg extracts inhibits replication licensing by blockingThe mechanism by which Scc2 promotes the stable
association of cohesin with chromatin remains to be the function of Cdt1, an essential component of the
Coupling of Replication and Cohesion by Scc2
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Figure 3. Scc2 Couples Replication Licens-
ing to the Establishment of Sister Chromatid
Cohesion in Xenopus Egg Extracts
(A) Interphase LSS was treated with buffer
alone, 40 nM gemininDEL, or 25 nM p21CIP1. a,
Sperm chromatin was incubated in the
treated extracts for 2 hr, and the extent of
DNA replication was measured; b, chromatin
fractions were isolated from the control (lanes
1–4), geminin-treated (lanes 5–8), and p21-
treated (lanes 9–12) extracts at the times indi-
cated and immunoblotted for XScc2A,
XSMC1, XRAD21, and XMcm7. The lower
portion of the gel was stained with Coomas-
sie Brilliant Blue G to determine the level of
histones as a control for chromatin recovery.
(B) Interphase LSS was treated with buffer
alone (Buffer) or 40 nM gemininDEL prior to
sperm addition (Gem. at 0 min) or 40 nM gemi-
ninDEL 20 min after sperm addition (Gem. at
20 min). a, Sperm chromatin was incubated
in the treated extracts for 2 hr, and the extent
of DNA replication was measured; b, chroma-
tin fractions were isolated from the extract
treated with no geminin (lanes 1–4), with gem-
inin at 0 min (lanes 5–8), or with geminin at
20 min (lanes 9–12) and analyzed as in (A).
prereplication complex [18, 19]. On the other hand, Cdc6 in S. cerevisiae [24]. One possibility is that early
embryonic cells utilize a unique regulatory mechanismp21CIP1 blocks the initiation of replication at a later stage
by inhibiting cyclin-dependent kinase activity required that is advantageous to rapid progression of the cell
cycle. It is also important to note that the egg cytoplasmfor origin firing [20]. We first confirmed that the addition
of either geminin or p21CIP1 to interphase LSS efficiently contains a large stockpile of preassembled cohesin
complex, whereas yeast cells newly synthesize the Scc1inhibited DNA replication (Figure 3Aa) but did not affect
the kinetics of nuclear envelope assembly (data not subunit during the G1 phase of every cell cycle. Conceiv-
ably, multiple loading mechanisms exist to support theshown). We found that geminin inhibited not only the
association of XMcm7 with chromatin but also that of diverse functions of cohesin, some examples of which
have been reported previously [25–27].XScc2A and cohesin (Figure 3Ab). In contrast, however,
a normal level of XScc2A, cohesin, and XMcm7 was
recovered on chromatin assembled in the p21CIP1-treated Mitotic Dissociation of Scc2 from Chromatin
Depends on Cdc2 but Not Polo or Aurora Bextract (Figure 3Ab). When geminin was added to an
interphase LSS 20 min after sperm addition, by which We have previously shown that the dissociation of bulk
cohesin in prophase is regulated by two mitotic kinases,time replication licensing is complete but nuclear enve-
lope has not yet formed [12], neither DNA replication Plx1 and aurora B [13]. Our current results show that
the majority of XScc2 also dissociates from chromatinnor cohesin loading were affected (Figure 3B). This result
provides additional evidence for the specific inhibition upon entry into mitosis. To determine how the behavior
of XScc2 is regulated during mitosis, both interphaseof replication licensing by geminin and rules out the
possibility that geminin blocks cohesin loading in a non- and CSF LSS were either mock depleted, depleted of
cdc2, or depleted of both Plx1 and aurora B. The effi-specific manner. Finally, we prepared an interphase LSS
depleted of XORC1, a subunit of the origin recognition ciency of immunodepletion was99% for each protein,
as judged by quantitative immunoblotting (Figure 4A).complex (ORC), to block XMCM loading and replication,
and found that the association of XScc2A and cohesin Sperm chromatin was incubated in the depleted in-
terphase LSS for 2 hr, and each extract was then drivenwith chromatin was severely compromised under this
condition (Figure S3). into mitosis by the addition of the correspondingly de-
pleted CSF LSS. During interphase, neither depletionAlthough a number of genetic studies have implicated
a functional link between DNA replication and the estab- affected the association of XScc2A and cohesin with
chromatin (Figure 4B, lanes 1–3). Consistent with ourlishment of sister chromatid cohesion [21–23], its molec-
ular mechanism remains elusive. The current study pro- previous results [13], the mitotic dissociation of cohesin
from chromatin was severely inhibited in the cdc2-vides direct biochemical evidence to suggest that the
Scc2-mediated association of cohesin with chromatin depleted or Plx1/aurora B-depleted LSS (Figure 4B,
lanes 5 and 6, XSMC1 and XRAD21). Interestingly, wedepends on functional replication licensing but not on
the initiation of DNA replication. This finding is appar- found that the dissociation of XScc2A from chromatin
was inhibited only in the extract depleted of cdc2 butently contradictory to the previous report that cohesin
can be loaded onto chromatin in G1 cells depleted of not in that depleted of Plx1 and aurora B (Figure 4B,
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from chromatin, whereas polo and aurora B contribute
to the dissociation of cohesin itself [13].
The current study shows that Scc2 facilitates the sta-
ble association of cohesin with chromatin in Xenopus
egg extracts, and that it does so in a manner dependent
on functional replication licensing. Intriguingly, recent
studies start to extend the role of Scc2 beyond sister
chromatid cohesion. Reduced dosage of the Drosophila
Scc2 ortholog called Nipped-B causes a failure in long-
range gene activation of homeotic genes [28], and
haploinsufficiency of its human counterpart may cause
Cornelia de Lange syndrome, a disease characterized
by multiple developmental defects [7, 29]. Although it
remains to be determined whether these developmental
defects are associated with the deregulation of cohesin
loading, there is no doubt that future studies of this
class of proteins will enrich our understanding of not
only chromosome segregation but also the body plan
of an organism.
Supplemental Data
Supplemental Experimental Procedures and three additional figures
are available at http://www.current-biology.com/cgi/content/full/
14/17/1598/DC1.
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